The design of a cell, built to investigate catalysis and catalytic processes, is reported. The cell is for use at ISIS spallation neutron source at the Rutherford Appleton Laboratory. It is required to operate in a dual manner either under gas flows of controlled composition at low pressure ͑ambient Ϫ5 bar͒ and at high vacuum (10 Ϫ6 mbar working pressure͒. The temperature range of this cell is 4-1273 K. It will be used on a variety of instrument beam lines on ISIS. In use the cell is attached either to a furnace or cryofurnace center-stick assembly and gas is supplied from a gas circuit assembly.
I. INTRODUCTION
Of all the parts of chemical science, catalysis has arguably the greatest impact on modern life. In keeping with this position, the study of catalysis and catalytic processes is of utmost importance and the detailed investigation of such processes and their underlying mechanisms fuels the intellectual life of many scientists around the world. Catalysis is industrially used on plant scales and in plant reactors, far removed from the more controlled conditions of the research chemist. A goal of prime importance for some time has been the bridging of this gap, often using x-ray diffraction and spectroscopies to investigate, in situ, the detailed molecular mechanisms of catalysts. [1] [2] [3] Other techniques have also been used for in situ studies, notably nuclear magnetic resonance. [4] [5] [6] [7] [8] [9] [10] [11] X-rays have many advantages, but there are often difficulties in using them in circumstances often very different from the real industrial environment.
The use of neutrons for structural characterization has increased rapidly in recent years with the advent of intense sources, exemplified by the ISIS spallation neutron source and the Institute Laue-Langevin, coupled with the use of the Rietveld method for fitting of the total diffraction pattern. From a utilitarian point of view, the use of neutrons has great and hitherto under-exploited application to the study of catalysis and catalytic processes in that the interaction with bulk matter is, in general, weak. Neutrons thus have great penetration into metals and ceramics and are thus able to scatter from samples in containment which would normally be inaccessible to monochromatic x-rays. In this way, they are uniquely placed in the suite of techniques available for the investigation of catalysis in situ at working temperatures and pressures. This article presents the design and gives details of the fabrication of a cell and gas handling line ͑GHL͒ to allow such studies to take place.
II. DESIGN CONSIDERATIONS
In designing the line, the initial constraints set were chemically based. The GHL must be capable of delivering known flow rates of gas, purified in line if needed, without contamination. It should also be able to act as a high vacuum line, high vacuum being defined for these purposes as p Ͻ10 Ϫ6 bar, and thus allow constant volume gas work. It should allow volatile and reactive materials to be handled without contamination or decomposition. The ability to switch between these functions easily and safely is also necessary. The cell should be vacuum tight to the same pressures, gas tight to ϳ5 bar or better and be capable of working at temperatures in the range 4ϽT/KϾ1273 whilst retaining all the containment properties in this temperature range.
The ''ideal'' generic experiment for which the cell was designed is as follows. A catalyst precursor is taken and calcined whilst measuring structural scattering data. The sample, after reaction, is then out-gassed and cooled and a ͑Brunauer-Emmett-Teller͒ surface area determination conducted, again with structural data being recorded at variable temperature to allow the isotherm and crystallographic site occupancies to be correlated. The sample would then be brought to room temperature and placed under the reactive atmosphere of a defined and controlled composition and the cell warmed to the working temperature. Structural data is then collected during operation of the catalyst, the composition of the reactant gases and products being monitored together with the structure of the catalyst. The GHL and cell must be able to perform this experiment routinely.
The ''neutronic'' requirements place certain limitations on the possible materials from which the cell could be constructed. For elastic scattering, the materials of choice are Another neutronic requirement is imposed by the health physics of a neutron scattering experiment. Neutrons are captured by the sample in a greater or lesser degree depending on the nuclei and isotopes present. It must be possible to seal the sample containers to confine any radiologically activated material and so minimize any health risks. All of these requirements were born in mind in designing the apparatus.
III. CELL DESIGN AND CONSTRUCTION
The sample cans were manufactured from deep drawn vanadium containers with a nominal outside diameter of 15.8 mm and a wall thickness of 0.15 mm. These are produced from annealed vanadium disks and drawn into long crucibles using a series of steel punches and die rings. 12 The closed end of the crucible is subsequently removed on a lathe and the ends of the tube are finished with titanium end flanges using electron beam welding techniques to ensure mechanical strength and a vacuum tight seal. 13 The flanges are turned to allow the use of metal ''O'' rings which form a compression seal against a mating taper on the face of the valve assembly as detailed below in Fig. 1 . Metal O ring seals were constructed from gold or platinum wire for high temperature applications or from indium with a hand made pressure weld for room temperature and cryogenic work.
Vanadium is a reactive metal being especially prone to oxidation, which occurs at temperatures above ϳ600°C. To ensure a degree of chemical inertness, a thin layer of gold was vacuum deposited on the internal surface of the can. A quartz frit, centerlessly ground to a transition fit and of porosity Ͼ00, may be positioned at both ends of the can to retain the sample and prevent large quantities of particulates from moving from the cell during normal operation. The porosity of the frit was modified by using a 15% aqueous solution of hydrogen fluoride. The cell is shown in Fig. 1 in section ͓Fig. 1͑a͔͒ and expanded in ͓Fig. 1͑b͔͒.
In general, neutron scattering requires larger samples than the equivalent x-ray experiment, although this difference is diminishing. Thus there was a requirement to be able to accommodate variable sample sizes. Accordingly, a series of quartz spacer rings of height 1-1.5 mm, again centerlessly ground to a transition fit in the cell, may be introduced below the frits, allowing a range of sample volumes to be used.
IV. VALVE ASSEMBLY
There were several advantages in the attachment of an all-metal valve assembly to both ends of the sample can. Many catalysts are chemically sensitive to air, atmospheric moisture and can exchange hydrogen ͑H͒ for deuterium ͑D͒. Although H/D exchange is normally chemically unimportant, the incoherent scattering lengths of H and D are such that for a diffraction experiment, all ͓H͔ must be replaced with ͓D͔ for optimal data. The valves eliminate these problems by sealing the sample can, allowing off-beam preparation of the cells and retention of the chemical properties of the sample during the assembly of the center-stick. A valve was also desirable for the safe storage after exposure to the neutron beam since neutron scattering may result in some activation of the sample, the extent depending on the nuclei present, the flux, and the exposure to the beam. Highly activated samples must be stored until the induced activity is below a safe level. The two closed valves will thus minimize the exposure and concomitant health risks. With these ends in mind, a valve has been developed which can successfully operate at the elevated temperatures. The valve design is shown schematically in Fig. 2 .
The sample cell is furnished with a valve at either end which attaches to the Ti flanges on the sample cell body. This joint is sealed with compressed O rings as described above. The valve body consists of a titanium block with gas ports in both the side and base. A tapered valve seat is machined on the axis of the basal port. The valves are fitted to the feed and exhaust lines using metal compression O ring seals.
The valve pin assembly consists of a titanium flange, an electron beam welded diaphragm, and valve pin with a removable tip. During manufacture, the diaphragm is welded to the stem initially and then welded onto a raised lip on the valve flange. Using a diffuse electron beam for these processes reduces localized heating effects and a successful vacuum and pressure tight seal can be achieved. 13 The diaphragm, made from thin titanium foil, has been designed so that small deflections of the foil accommodate the movement of the stem and tip in and out of the valve seat, this carriage allowing the valve to open and shut. As with any valve, the seal is only as effective as the integrity of the tip and valve seat; as damage of the seat would disable the entire valve, removable tips were made and attached to the stem. The valve is operated by a small retained nut arrangement on the back of the stem.
Each valve assembly is rated for 5 bar working pressure at up to 1000°C. In normal use the sample can will be preloaded, the valves closed off, and then the whole assembly fitted to the center-stick. Once feed gas is introduced into the supply line, the valves can then be opened. In some high vacuum applications, however, it will be necessary to run the valves at temperature in their closed position. Under high vacuum operation, the cell is leak free at 10 Ϫ6 mbar.
V. FURNACE CENTER-STICK ASSEMBLY
The furnace center-stick has been designed to fit into the ͑Rutherford Appleton Laboratory model 3͒ ͑RAL 3͒ furnace. It consists of a stainless steel top flange with a thin walled stainless steel support tube retaining a series of thermal radiation baffles along its length. Both gas supply and return pressure pipes are brought through the top flange to the sample cell position. A small stirrup bracket allows the at- tachment of the sample cells to the center-stick. There is provision for the introduction of thermocouples through the top flange so that monitoring of the cell temperature can be carried out.
The center-stick is specifically designed to reduce radiative, convective, and conductive thermal losses from the sample and the furnace. The use of a long, thin-walled stainless steel support tube reduces losses due to thermal conductivity. Radiative thermal loses are limited by the series of thin disk baffles along the length. Convective loss is eliminated by the evacuation of the entire furnace assembly. At the hot end of the center-stick, boron nitride ceramic baffles are employed. This is a hot pressed material which is resistant to temperatures of up to 3000°C and is machinable without the need of firing. It is chemically highly inert and has fair out-gassing performance, being reasonably nonporous. Its thermal and chemical inertness are also complemented by the excellent neutron shielding characteristics, as boron in natural abundance ͑NB͒ has a large neutron absorption crossection, viz. NB 767 barn ͕ 10 B 3835 barn ͑20%͒ 11 B 0.0055 barn ͑80%͖͒; this boron nitride baffle is the major neutron radiation shield, protecting personnel from upward and secondary scattered neutrons.
The feed pipe has a coiled section below the cell, the function of which is to thermalize the gas before being supplied to the sample, ensuring that the cell temperature is not affected by the flow of gas. Above the flange, two valves and associated pressure relief valves are fitted, ensuring that the whole stick can be isolated. 
VI. CRYOFURNACE CENTER-STICK ASSEMBLY
The cryofurnace center-stick is of the same basic design, differing only in the lack of an equilibrating coil. In addition, the gas supply pipes are wound with a home-made resistive heating tape which is controlled manually. Band heaters are fitted around the high temperature valve bodies, providing temperature control. There are sensors attached to both ends of the cell assembly, allowing the temperature and the gradient over the cell to be ascertained with accuracy. Given the thermal mass of the cell, and the degree of thermal contact to the rest of the equipment, stabilization of the temperature can take significant time-between 0.5-1 hr is usual, depending on the temperature. However, once at temperature, the cell is easily maintained to within 0.01 K and a gradient of the same size. Aluminium baffles are placed along the length of the stick to thermally isolate the cell. Pressure measurement is carried out using a Baratron™ pressure gauge, complementing the one attached to the high vacuum line.
VII. GAS CIRCUIT ASSEMBLY
The gas circuit consists of four separate gas lines feeding into a common mixing vessel, from which, a supply line is taken into the sample cell and the gas then passed into an analyzing line. Each gas line is built with its own flow meter and purification train. A separate high vacuum line of glass construction can be connected to each circuit. Safety relief valves are fitted at appropriate parts of the full circuit. Standard 316 stainless steel tube and pipe fittings ͑Swagelok™, Whitey™, or Parker™͒ are used throughout the construction. The lines are panelled for ease of use on one side of the unit with the high vacuum line occupying the adjacent side. Both the gas handling lines and the high vacuum line have a common exit to the cell and vacuum or flow modes may be selected by simply switching two valves.
A diagram of the high pressure part of the line is shown in Fig. 3 . The lines have two gas inlets-one for a purge gas such as Ar or N 2 and one for the reagent gas. There is also an in-line purification system. The vessels which contain the purification beds have been manufactured from stainless steel with welded end flanges. The beds consist of Linde 3 Å molecular sieves for dehydration and BaSF R3-11 deoxygenation catalyst. The deoxygenation bed can be bypassed and each gas line then leads to a mass-flow controller, which are externally calibrated as a % of maximum output for a variety of gases. All four gas lines lead to a mixing chamber packed with SiO 2 wool before exiting to the cell.
The high vacuum line is a standard all glass greaseless line, equipped with polytetrafluoroethylene valves and is capable of working at pressures of 10 Ϫ6 mbar, allowing quantitative cryogenic transfer of materials. Figure 4 shows a schematic representation of the line.
The line is evacuated via a turbomolecular pump backed by a rotary pump. The pumping train is protected by the use of a liquid nitrogen cooled trap. Flasks and gas lines may be attached at the four ground glass joints and the whole line is barometrically calibrated in such a way that the volume of all the independent sections are known. A 1-1000 mbar Baratron™ gauge mounted with a Conflat™ fitting is used for pressure measurement and reads to 0.1 mbar, which is of sufficient accuracy for quantitative constant volume measurement of gases. It is complemented by a second Baratron™ mounted above the flange on the center-stick. The line is connected to the 316SS delivery line to the cell by a glass to metal ͑Kovar™͒ seal and upon examination with a helium leak detector, was found to leak at a rate Ͻ10 Ϫ9 mbars Ϫ1 , the limit of sensitivity of the detector in this case.
VIII. LIFTING FRAME
The gas circuit assembly must be mobile as it must be able to be used on all beam-lines at ISIS. For this reason it is built into a square frame which has the four gas line control panels and the high vacuum line on adjacent sides. In order that the unit may be moved by crane onto the various stations, a removable lifting frame has been fitted and consists of four lifting rods and two support plates. 
IX. RAL 3 FURNACE ASSEMBLY
The RAL 3 furnace assembly is a resistive element furnace operating at 12 and up to 200 amps. It has a double annular element, constructed of spot welded vanadium foil with a series of thermal radiation shields surrounding the element made from the same material. The use of this chemically nonstandard element material is due to the neutronic properties of vanadium, detailed earlier. Two vacuum tight vanadium windows are bonded to a water cooled aluminium outer jacket to allow beam entrance and exit. During operation, the furnace is evacuated to prevent oxidation of the elements and shielding and under optimum operating conditions can achieve temperatures of up to 1000°C. The diameter of the element is 65 mm which is electrically insulated from the equipment and as a consequence, the volume inside the furnace element is small.
X. CELL TESTING
The cell is designed to perform under ambient pressure, i.e., an absolute pressure of not more than that generated by the flow-a few 10 s of mbar at maximum. However, to comply with ISIS safety regulations, as the cell can form a sealed system, the cell was pressure tested to 15 bar, which was held for 30 min with no pressure drop. As higher-thanambient pressure flow experiments are envisaged in the second phase of this work, such a test is of value for more than simple safety considerations.
XI. DISCUSSION
Equipment has been designed and constructed for the exploitation of neutron scattering for in situ chemical studies, primarily of catalysis and catalytic processes. Both the neutronic and chemical constraints have been taken into account and have been satisfied.
